Measurements are reported for kinematically complete electron-impact ionization collisions with oriented 3 P sodium atoms excited from the ground state by right-and left-hand circularly polarized light. The measurements reveal a strong dependence of the ionization cross section on the helicity inversion of the exciting photon. This dichroic effect and the magnetic state resolved cross sections are described using the distortedwave Born approximation and the dynamically screened Coulomb wave method. Within the context of these methods we investigate the role of different short-and long-range interactions involved in the process. For moderate values of incident energy we conclude that the shape and magnitude of the dichroism is predominantly determined by the Coulomb interactions of the outgoing electrons with the residual ion. For slow escaping electrons the dichroism is also influenced by the interelectronic correlations.
I. INTRODUCTION
The need for a detailed understanding of the process of ionization by electron impact for various fields of physics, such as atmospheric physics, plasma physics, and gas discharge physics, has led to extensive studies both experimental and theoretical of this particular process. The most complete information on the electron-impact ionization process is obtained from so-called (e,2e) experiments, where both the scattered and the ejected electrons from the target are detected in coincidence and their momenta are resolved. This kind of measurement has proved indispensible when addressing the details of collision dynamics. Moreover, the (e,2e) technique can be employed for the spectroscopy of electronic structure of atoms, molecules, and solids ͓1,2͔. These different aspects of the (e,2e) reaction can be highlighted by judicious choice of the kinematic arrangement.
In recent years, a new generation of (e,2e) experiments has emerged that uses polarized electron beams and/or atomic beams in which the constituent atoms are aligned and/or oriented. The first (e,2e) experiment of this type used a polarized electron beam to ionize lithium atoms prepared in a particular quantum state by use of inhomogeneous magnetic fields, and was primarily concerned with the study of the exchange process ͓3͔. These experiments were followed by experimental arrangements using a polarized electron beam at relativistic energy for the inner-shell ionization of various atomic targets such as silver ͓4͔ and at intermediate energy for the outer-shell ionization of xenon, where the fine structure energy splitting of the residual ion can be resolved experimentally ͓5,6͔. High-energy experiments on the inner shells of heavy target atoms were primarily concerned with the study of the influence of relativistic interactions during the ionization process ͓7͔. In the xenon experiments, experimental verification of the so-called fine structure effect in electron-impact ionization ͓8-10͔ was established and comparison of the results with theory revealed detailed information on the influence of the short-range interactions between the two outgoing electrons and the residual ion ͓6,9͔.
In this paper we focus on the electron-impact ionization of sodium atoms laser pumped into a well defined angular momentum magnetic substate. In this situation the (e,2e) cross section reveals a dependence on the inversion of the helicity of the exciting photon ͓11,12͔. This dichroic effect results from the transfer of the initial-state orientation to the outgoing correlated electron pair and hence has been termed orientational dichroism. Experimental evidence for the existence of this effect has been provided recently by Dorn et al. ͓12͔ . Here, we present further experimental and theoretical results and investigate in more detail the underlying physical processes.
Experimentally, the sodium atoms are prepared in the (3 2 P 3/2 , Fϭ3, m F ϭϮ3) hyperfine states and ionized using an initially unpolarized electron beam. Initial theoretical and experimental studies ͓11-14͔ indicate a strong dependence of the cross section on the direction of the initial-state atomic orientation. This dependence of the cross sections is most easily analyzed within the theoretical framework of the first Born approximation ͑FBA͒, i.e., when we assume that the ejected electron moves in the field of the residual ion whereas the scattered one is free. In this case the geometrical properties of the orientational dichroism are given by the triple product of the quantization axis of the atom, the momentum transfer direction, and the vector momentum of the ejected electron ͓11,12͔. According to the FBA model, the origin of the dichroism lies in the interaction of the slow electron with the residual ion; the dichroism vanishes when this interaction is neglected ͓15͔. Furthermore, the FBA predicts that the cross sections for the electron-pair emission from left-or right-hand circularly laser-pumped Na atoms are related to each other via reflection symmetry about the direction of momentum transfer ͓15͔.
dynamical transfer of the initial atomic orientation to the two outgoing electrons through mechanisms beyond those simulated by the FBA. On the grounds of an approximate model for the correlated many-body dynamics, it was proposed that this symmetry breaking has its origin in the final-state electron correlation ͓12-14͔. As the theoretical interpretation is subject to the approximation adopted for the treatment of the reaction dynamics, we contrast in this work the predictions of various approximative scattering models with experimental findings. We first employ the distorted-wave Born approximation ͓16,17͔, which is particularly convenient for isolating the influence of the various interactions between the continuum and target electrons, and then the more refined dynamically screened Coulomb wave method ͓18͔ to quantify the influence of the final-state electron correlations.
The paper is organized as follows. In the next section we give an outline of the experimental procedure. We then address the theoretical framework necessary to describe this particular experimental situation. In the fourth section, we outline the main features of the scattering methods that are particularly relevant to the present study. In the last section, we investigate the influence of the short-and long-range interactions and the electron-electron correlations on the calculated cross sections and compare them with our experimental data.
II. EXPERIMENTAL ARRANGEMENT

A. Apparatus
In Fig. 1 the apparatus is shown schematically. It can be divided into three components comprising the source and differential pumping chambers in which generation and transport of the primary electron beam is achieved, the scattering chamber in which the atom beam is formed, the intersection of the laser, electron, and atom beams occurs, and the (e,2e) ionization processes are measured, and finally the Mott chamber in which the degree of the incident electron beam polarization can be determined. The Mott chamber was not utilized in the present measurements and will not be described here. Each of the other stages is discussed in sequence below.
The first stage of the apparatus consists of two ultrahighvacuum ͑UHV͒ chambers connected in series with one another. In the first of these chambers, the so-called source chamber, electrons are produced by irradiation of a negativeaffinity p-doped GaAs crystal surface by laser light. The details of the crystal composition, cleaning, and coating procedure have been described previously ͓19͔ and will not be repeated here. This first chamber is pumped by a 30 l/s ion pump which maintains a background pressure in the 10 Ϫ11 torr range. The combination of an UHV environment to minimize contamination of the GaAs photocathode and a continuous deposition of cesium onto the photocathode surface enables stable emission currents to be maintained over a period of many months. Linearly polarized light from a GaAlAs diode laser of around 810 nm wavelength is used to generate the photoelectrons. The laser beam is first passed through a focusing lens and a 1/4 wave plate to produce circularly polarized radiation before impinging upon the crystal surface. Photon fluxes of a few milliwatts are sufficient to produce microamperes of current.
Using extraction by an electrostatic field, the photoelectrons are formed into an electron beam. For excitation by circularly polarized light incident perpendicular to the surface, the beam is polarized either parallel or antiparallel to the direction of electron motion, depending upon the helicity of the radiation used in the photoexcitation process. For GaAs the polarization of the electron beam is theoretically limited to a maximum value of 50% due to the selection rules governing the transitions excited in the photoemission process. We obtain a polarization value routinely of around 24-30 % in our system, the difference between this value and the theoretical maximum being attributed to depolarizing effects acting on the photoelectrons as they are transported from within the bulk to the surface of the photocathode ͓20͔. Inversion of the electron beam polarization can be achieved by reversing the helicity of the laser light through rotation of the 1/4 wave plate by 90°. As an applied electrostatic field will act on the trajectory of an electron beam but not on its angular momentum, the initially longitudinally polarized electron beam is converted to one of transverse polarization by deflecting it through a 90°electrostatic deflector. This action is desirable as for many of our experiments a transversely polarized electron beam is required. However, for the present measurements unpolarized electrons were used. This was achieved by rotating the quarter wave plate to an angular position producing linearly polarized radiation. After extraction of the photoelectrons and their transmission through the 90°deflector, a system of electrostatic cylindrical tube lenses and deflectors is used to focus and accelerate the electron beam to 1000 eV and steer it through the 3-mm-diameter aperture separating the source chamber from the differential pumping chamber. The purpose of the differential pumping chamber is to provide a differential pumping stage between the source chamber and the non-UHV scattering chamber to minimize contamination of the GaAs photocathode. The differential pumping chamber is pumped by a 180 l/s turbo molecular pump and maintains a base pressure of around 5ϫ10 Ϫ10 torr. It is separated from the scattering chamber by a second 3 mm aperture at its exit. Within the differential pumping chamber are two sets of quadrupole deflectors to steer the 1000 eV electron beam through the exit aperture into the main scattering chamber, compensating for perturbations to the beam trajectory from spurious magnetic fields and surface charging effects within the electron optics. Transporting the beam from the source to the scattering chamber at high energy has two advantages. First, it renders the beam less sensitive to the effects of deflection and defocusing by stray magnetic fields. Secondly, the narrower beam profile achieved by using higher beam energies enables the use of smaller apertures at the entrance and exit of the differential pumping chamber, increasing the pressure gradient that can be maintained between the source and scattering chambers.
In the scattering chamber the electron passes through a further series of cylindrical tube lenses which are used to both collimate and decelerate the beam to the required impact energy. A target beam of sodium atoms is produced by effusion of sodium vapor through a 1 mm aperture in the output stage of a recirculating metal vapor oven described in detail below. The interaction region lies in the scattering plane defined by the momentum vectors of the sodium beam and the incident and detected scattered electrons, the latter three quantities constrained to share a common plane under the coplanar reaction kinematics employed for the present work. The intersection of the sodium and electron beams defines the interaction region from which (e,2e) events are measured. The interaction region also lies on the axis of rotation of three rotatable turntables. On one of the turntables the sodium oven is mounted. On each of the remaining two turntables an electron spectrometer is mounted.
Each of the two electron spectrometers comprises a 180°h emispherical electrostatic electron analyzer preceded by a five-element cylindrical lens system. The combination of the energy selecting analyzer and the angle resolving lens system defines the momentum and energy of measured scattered electrons. The lens system is similar in design to that described in Ref. ͓21͔ and comprises two three-element zoom lenses in series sharing a common central lens, allowing independent control over energy and angular resolution to be achieved. Position-sensitive detectors are mounted at the exit plane of each analyzer, behind a slit in the radial direction, enabling simultaneous measurement of scattered electrons over a 6 eV energy band with an energy resolution of around 200 meV and at an angular resolution of around 2°full width at half maximum.
The sodium oven, constructed of stainless steel, is shown schematically in Fig. 2 and is similar in design to that described in Ref. ͓22͔ . It is comprised of three distinct components, namely, the reservoir, the nozzle, and the recirculator. The reservoir consists of a cylindrical vessel containing sodium around which heating wire is wrapped to provide ohmic heating. Reservoir temperatures of between 400 and 450°C are necessary to produce the required target densities for our measurements. The temperature of the reservoir and other key components is monitored by use of thermocouples. Vapor leaving the reservoir is formed into a beam of sodium atoms within the nozzle stage, which is terminated by a 1-mm-bore capillary of around 10 mm length. The separately heated nozzle is maintained at a temperature at least 100°h igher than that of the reservoir to prevent blockage due to the buildup sodium within its narrow exit capillary. The sodium beam emerging from the nozzle is skimmed through the action of an aperture positioned at the exit of the oven recirculation stage. Atoms not contained within the central cone of the nozzle beam are recondensed to the liquid phase upon impact with the recirculator walls, which are maintained at a temperature of between 150 and 200°C, and subsequently returned to the sodium reservoir. The inclusion of the recirculation stage extends the operating lifetime between sodium refills and, by maintaining the collimating aperture surrounds at a temperature above that required for the formation of solid sodium, circumvents the problems of the closing over of cold collimation apertures with time.
The whole oven assembly is enclosed within a water cooled rectangular copper box whose purpose is twofold. First, it provides a heat sink for radiation emitted by the oven ͑around 150 W͒ and, secondly, it offers additional protection for delicate vacuum components from residual background sodium vapor or accidental spills of liquid sodium under vacuum. The box is kept compact in design by incorporating V-shaped channels through each of its 8-mm-thick sidewalls through which cooling water is passed. The compact nature of the design maximizes the angular range through which the spectrometers can rotate within the scattering plane.
Mounted off the box is a final stage liquid nitrogen cooled collimating aperture and sodium beam dump to provide further collimation of the beam and additional protection against contamination of the vacuum environment by gaseous sodium. Both are thermally isolated from the box by ceramic insulators and cooled by means of a flexible copper braid connected to a cold finger protruding through the wall of the scattering chamber.
B. Laser preparation of the target
Intersecting the scattering plane at right angles and completely encompassing the interaction region is a frequency modulated 589 nm laser beam used to excite and orientate the sodium target atoms by preparing them in a specific hyperfine magnetic substate. The initially linearly polarized laser light is converted to circularly polarized radiation by transmission through a quarter wave plate, the rotation of which by 90°reverses the helicity of the radiation field and thus the orientation of the excited-state atoms. The laser beam preparation is shown in Fig. 3 , which shows schematically the experimental arrangement.
In order to reach a high fraction of laser excited atoms in the interaction region, the laser excitation is performed by means of two frequencies produced by frequency modulation of a single-mode dye laser beam. Frequency modulation is achieved by passing the laser beam through an electrooptical modulator which is similar in design to that reported in ͓23͔. It consists of a rectangular LiTaO 3 crystal embedded within a copper foil resonator. Power is coupled into the modulator by mutual induction with a single-loop drive coil. The application of a resonator ensures that for modest rf power inputs, a large voltage is built up across adjacent faces of the LiTaO 3 crystal. To first order, the refractive index of LiTaO 3 varies linearly with strength of the applied field. It follows then from Fourier analysis that for a sinusoidal driving frequency m and for an incident laser beam of frequency 0 passing through the crystal, the output field consists of the primary frequency 0 and additional sidebands separated by multiples of m . In the present case for sodium the laser beam is modulated at a frequency of 856 MHz, the first two sidebands being separated by 1712 MHz. One sideband is used to pump the transition 3s 1 2 S 1/2 (Fϭ1) →3 p 1 2 P 3/2 (Fϭ2) and the other the 3s 1 2 S 1/2 (Fϭ2) →3 p 1 2 P 3/2 (Fϭ3) transition. In this way a relative fraction ␣ of around 40% 3p 1 2 P 3/2 excited-state atoms can be routinely achieved ͓24͔. After a few excitation/decay cycles the atoms gather exclusively in the two-level system 3s 1 2 S 1/2 (Fϭ2,m F ϭϩ2),3p 1 2 P 3/2 (Fϭ3,m F ϭϩ3) for pumping by right-hand circularly polarized light, or in the system 3s 1 2 S 1/2 (Fϭ2,m F ϭϪ2),3p 1 2 P 3/2 (Fϭ3,m F ϭϪ3) for pumping by left-hand circularly polarized light. This is confirmed numerically by solving the corresponding rate equations. The degree of orientation of the excited state in the interaction region was estimated to be between 96% and 100% by comparing superelastic scattering data with those of previous authors ͓22͔.
C. Experimental procedure
In order to discriminate between ionization events resulting from the removal of 3s and 3p electrons, respectively, the binding energy ⑀ I of the ejected electron is determined from the energies of both outgoing continuum electrons E f and E s and the energy of the incoming electron E 0 from the relation
For each measured coincidence event the summed energy spectrum of both detected outgoing electrons is stored on a multichannel analyzer yielding a binding-energy spectrum with a binding-energy resolution given by the convolution of the energy spreads of the incoming beam and the apparatus functions of both of the electron analyzers. In the present case, an (e,2e) binding-energy resolution of around 0.9 eV was achieved, more than sufficient to resolve events corresponding to ionization of the ground-and excited-state atoms, which are separated by 2.14 eV in binding energy. It should be noted, however, that an energy average has been performed at each binding energy over all combinations of values for E f and E s within the 6 eV acceptance band of each analyzer that satisfy Eq. ͑1͒. This was undertaken to enable the data to be displayed in a compact form and to improve statistics. Thus, although a high value for bindingenergy resolution ⌬⑀ I of 0.9 eV is achieved, the energy resolution for both slow and fast scattered electrons, ⌬E s and ⌬E f , respectively, is 6 eV for the experimental data presented in this paper. For each chosen angular setting of the analyzers, spectra corresponding to positive and negative target orientation are recorded, as well as random coincidence background spectra which are subtracted from the binding-energy spectra in the usual manner ͓25͔. A typical binding-energy spectrum for the two helicities of the incident radiation is shown in Fig. 4 .
The experiments consisted of measuring (e,2e) bindingenergy spectra for a fixed scattering angle f of the fast emitted electron as a function of the scattering angle s for the slow electron and for both positive (m F ϭϩ3) and negative (m F ϭϪ3) orientations of the excited state. These states consist of maximal projections of the nuclear spin (Iϭ3/2), the orbital angular momentum (lϭ1), and the electron spin along the laser beam direction. Neglecting the spin-orbit interaction and for unpolarized incident electrons and no polarization analysis of the final electron, the cross section depends only on the orbital orientation m l ϭϮ1, and not on the nuclear and electron spin orientations.
Many scans were performed in each experiment to average over the effects of instrumental drifts. Cross normalization of the experimentally derived ground-and excited-state cross sections for each particular kinematic arrangement was achieved in the following manner. For any arbitrary reaction kinematics, the relative fraction ␣ of excited-state atoms is determined by measuring the (e,2e) count rates N 3s on and N 3s off , corresponding to the ionization of ground-state atoms with the pump laser on and off, respectively, through the relation ␣ϭ1ϪN 3s on /N 3s off . ͑2͒
Having determined the value of ␣, the ratio of ground-to excited-state cross sections 3s / 3p , for a given target orientation (m f ϭϩ3 or m f ϭϪ3), is derived from the corresponding (e,2e) count rates N 3s on and N 3p on corresponding to ionization of ground-and excited-state atoms, respectively, measured with the pump laser beam on. This is achieved through the relation
In the present series of measurements, ␣ϭ0.45Ϯ0.04 for the 151 eV measurements and 0.35Ϯ0.05 for the remainder, leading to an error in the relative normalizations of groundand excited-state data of around 20%.
III. THEORY A. Formulation
In the most general case of state-selected (e,2e) experiments, the atomic beam may be oriented and/or aligned while the incident electron beam may be partially polarized perpendicular to the collision plane defined by the momenta of the incoming and scattered ͑fast͒ electrons, respectively denoted as k 0 and k f . Following the methodology used for the description of state-selected elastic and inelastic scattering experiments ͓26-28͔, we use the density matrix formalism to describe such (e,2e) experiments and to take into account the information relevant to the initial-state preparation ͓29͔. Within this formulation, the atomic and electron beams are characterized by density operators whose matrix representations reflect the statistical mixture of pure states, each corresponding to the state of one atom or electron present in the beam. The density operator in describing the initial state of the electron-atom system is given by the direct product of the density operators e and a that represent, respectively, the electron and atomic beams. This is because the electron and atomic beams are initially prepared far from the interaction region, and as such are assumed to be uncorrelated before the interaction begins ͓26͔. Thus we write in ϭ e ϫ a . ͑4͒
In the present study, as the initial electron beam is unpolarized, the reduced density matrix of the electron beam is simply the unit matrix, the normalization coefficient reflecting the dimension of the incoming electron spin space, in ϭ 1
The superscript a has been dropped from the density matrix describing the atomic beam. Furthermore, for the pure initial atomic state ͉F,M F ͘, we assume that the nonzero nuclear spin of the atom plays no dynamical role in the collision process ͓30͔. The atom is thus described as being prepared in a quantum state ͉J,M ͘, where J is the total angular momentum of the atom and M its projection along the quantization axis. The effect of the nonzero nuclear spin will appear only FIG. 4 . Sodium (e,2e) binding-energy spectra for E 0 ϭ90 eV, E s ϭ20 eV, f ϭ20°, s ϭ65°, with left-and right-hand circularly polarized optical pumping light, showing the ground-state and excited-state transitions.
through recoupling coefficients which are dropped in the relation ͑5͒. The quantum number 0 in Eq. ͑5͒ labels the electron spin projections.
The atomic beam is most easily described in the photon frame where the quantization axis z ph is parallel to the direction of propagation in the case of circularly polarized light and to the direction of the electric field in the case of linearly polarized light ͓31͔. In the photon frame the density matrix of the excited atomic state and the ground state becomes diagonal.
The differential cross section for the ejection of two electrons from an atomic target, initially prepared in a particular quantum state ͉JLM ͘, upon the impact of an unpolarized electron beam can be expressed as ͓2,16͔
where E s is the energy of one emitted electron ͓the energy of the other electron is deduced from Eq. ͑1͔͒ and d⍀ f and d⍀ s are the solid angles associated with k f and k s . Equation ͑6͒ assumes no resolution of the spin projections f and s of the two outgoing electrons and no detection of the orientation and/or alignment for the residual ion. The wave function of the atom ͑residual ion͒ in a particular quantum state
whereas T is the transition operator. The kinematical factor is given by
As shown in recent articles ͓11,15͔, the effect of the initial-state preparation on the collision dynamic is most conveniently seen when state multipoles KQ are used rather than density matrices. The state multipoles KQ are related to the density matrix
͑8͒
where K and Q in relation ͑8͒ stand, respectively, for the rank of the tensor and its projection along the quantization axis. The relation ͑8͒ indicates that only the Qϭ0 components of the state multipoles are nonvanishing as the density matrix describing the atomic beam is diagonal in the photon frame. Using relations ͑6͒ and ͑8͒ the cross sections can be expressed in terms of irreducible tensor components as ͓15͔
Expression ͑9͒ shows that the use of the state multipoles renders possible a separation of geometrical properties ͑de-scribed by the state multipoles͒ and reaction dynamics ͑con-tained in the tensorial parameters ⌳ 0 (K) ). For low-energy scattering from a light target atom, such as sodium, one can neglect the relativistic interactions that might alter the spin projections of the continuum electrons without conservation of the total spin of the system. In this situation, the exchange process is the only spin-dependent process that needs to be taken into account. The spin part of the T-matrix elements appearing in relation ͑6͒ can then be factored out. In the present case of a sodium target, Eq. ͑9͒ can be expanded as ͓12,15͔
The tensorial components along the quantization axis of the target are expressed in terms of the state-resolved cross sections L,m L as
The cross sections L,m L are themselves expressed as functions of the symmetrized T-matrix elements as
͑14͒
These relations allow the calculation of the state-resolved cross section for arbitrary angles between the momentum transfer vector qϭk 0 Ϫk f and the quantization axis z ph . In the experimental arrangement under consideration the atoms are prepared using circularly polarized light propagating perpendicular to the scattering plane ͓12͔. In this situation the ẑ ph quantization axis coincides with ẑ n , the quantization axis of the natural frame. As for the case of inelastic scattering studies ͓32͔, we define, for the present study, the natural frame as a right-handed coordinate system. In the natural frame, the quantization axis ẑ ph is defined as ẑ ph ϭk 0 ϫk f . The cross sections are calculated usually in the collision frame, where the quantization axis ẑ c is defined along the incident electron momentum k 0 and where, in coplanar kinematics, the fast electron is scattered in the (xy) plane. The collision and natural frames are related as x n ϭz c , y n ϭx c , and z n ϭy c . ͑15͒
The natural frame cross sections L,m L appearing in the expressions of the tensor components, Eqs. ͑11͒-͑13͒, can be expressed as functions of the collision frame scattering amplitudes by using the appropriate frame transformation through Euler angles ͓33,34͔. The natural and collision frame scattering amplitudes, respectively f m L n and f m L c , are related by
For the case of ionization, as for the case of inelastic scattering, reflection in the scattering plane also imposes the following relation for the collision frame scattering amplitudes:
This reduces relations ͑16͒ and ͑17͒ to
Using relations ͑18͒ and ͑19͒ in the expressions of the tensorial components ͑11͒-͑13͒, we see that the alignment parameter ⌳ (2) is related to the tensorial component
This indicates that in the present experimental arrangement the measurement of the initial-state averaged and stateselected cross sections allows determination of all three parameters describing the process, the scalar component ⌳ (0) , which is the quantity usually measured in a conventional (e,2e) experiment, and the vector component ⌳
(1) , which is a measure of the change in the cross sections resulting from an inversion of the initial target orientation.
B. Scattering methods
To investigate the influence of the short-and long-range interactions, as well as the electron-electron interaction in the final state, we use two different scattering methods to evaluate the state-resolved cross sections. The first is the distortedwave Born approximation ͑DWBA͒ ͓16,17͔, which accounts for the short-and long-range interactions in both the initial and the final states but treats the two outgoing electrons as independent particles. The second is the dynamically screened three-Coulomb-wave method ͑DS3C͒ ͓18͔, which accounts explicitly for the electron-electron correlation in the final state but in contrast neglects the short-range interaction in both the initial and final states.
In both approximations, the scattering from the Na atom is reduced to a three-body problem by considering only the active ͑valence͒ electron of the Na atom. The total Hamiltonian H of the projectile electron and target is 
ϭKϩV, ͑24͒
where U 1 is the distorting potential, which needs to be defined ͓35͔. When LS coupling is assumed to be valid for the (Nϩ1)-electron state, the exact unsymmetrized T-matrix elements are approximated, within the DWBA, as
In relation ͑25͒, LM is the one-electron orbital of the active target electron, the electron ejected from the atom during the ionization process. The distorted waves (Ϯ) (k) are oneelectron state solutions of the channel Hamiltonian K, separable in the electron coordinates. The DWBA T-matrix elements ͑25͒ can be derived by considering a post or prior form derivation ͓16,17͔. In the former case, the entrance channel distorted wave (ϩ) (k 0 ), which is the solution of the electron scattered by a central local potential U 1 , approximates a formal distorted wave X (ϩ) (k 0 ) obtained by projecting the one-electron orbital LM from an exact collision state ⌿ ␣ (ϩ) (k 0 ). In this situation, the distorted waves (Ϯ) (k) are obtained by solving the elastic scattering problem in the field of the atom for the incoming and scattered electrons, (ϩ) (k 0 ) and (Ϫ) (k f ), and in the field of the ion for the calculation of the distorted waves describing the scattering of the slow outgoing electron, (Ϫ) (k s ). In the prior formulation, the product of the two outgoing distorted waves (Ϫ) (k f ) and (Ϫ) (k s ), calculated in the field of the ion, approximates the exact collision state with final-state boundary condition ⌿ (Ϫ) (k f ,k s ). In the next section we will use both of these formulations. We will refer to the post-form formulation as DWBAS and the prior-form formulation as DWBAI.
In both cases, the radial part of the distorted waves is derived as a solution of a radial equation of the type
In Eq. ͑26͒, the potential v(r) corresponds to the distorting potential U 1 (r) chosen as the equivalent local staticexchange potential of Furness and McCarthy ͓36͔ when scattering in the field of the atom is considered ͑e.g., for the incident and scattered electron distorted waves͒. The corresponding local static-exchange potential for the ion is chosen, in addition to the Coulomb potential, when the distorted waves are considered as electron-ion states.
We remark that in both alternatives of the DWBA the electron-electron interaction is not included in the calculation of the outgoing distorted waves. Thus, the bound-electron orbital and the distorted waves representing the slow escaping electron are orthogonal. Therefore, only the electronelectron interaction potential v 12 contributes to Eq. ͑25͒.
In the second method considered here, the DS3C method, the exact T-matrix elements are approximated as
͑27͒
In relation ͑27͒, the initial state of the electron-atom system consists of the product of a plane wave describing the incoming projectile and a bound state describing the laser-excited atom state. The final state is reduced to a three-body system by assuming that the residual ion (Na ϩ ) acts as a point charge on the two escaping electrons. The state of this threebody system is approximately represented by 
IV. RESULTS AND DISCUSSION
To establish the validity of the two scattering methods presented in the previous section for the particular kinematics considered here, we first concentrate on the description of the ionization process of ground-state sodium atoms. In Fig.  5 , we present DWBA calculations for the ionization of 2 S 1/2 ground-state sodium for four different kinematical arrangements.
Within the DWBA method, a Slater representation of the sodium Hartree-Fock orbitals, as tabulated by Clementi and Roetti ͓38͔, is used for the target radial orbitals. This representation is used to generate the bound-electron radial orbital as well as the static potential in the calculation of the distorted waves. As mentioned earlier, the equivalent spinaverage local exchange potential of Furness and McCarthy ͓36͔ is used to generate the exchange part of the distorting potential in both the entrance and exit channels. It is noted here that the DWBA calculations presented in this paper have not been energy averaged over the 6 eV energy band over which scattered electrons are detected, but rather calculated at the mean value of this energy band for each of the two analyzers separately. Figure 5 shows DWBA calculations for the two different derivations of the DWBA T-matrix elements presented in the previous section compared to measurement. The dashed line corresponds to the post-form derivation, where both the incident and scattered distorted waves are calculated in the distorting potential U 1 , and the solid line to the prior-form derivation where both outgoing electrons are calculated as electron-ion states. Since the measurements are not absolute, the only valid comparison of theory with experiment is one of shape. Having chosen the form of the DWBA, normalization of the data to theory is via the 3p cross section as discussed later. This gives the ground-state normalization factors indicated in the caption of Fig. 5 . Shape comparison with the experimental measurements indicates that the priorform derivation provides a better description of the ionization process of the ground-state sodium atom for all the kinematics considered here. The post-form formulation results in a cross section where the maximum is slightly shifted toward lower values of the slow electron angle. This shift of the maximum of the cross sections toward smaller values of the slow electron angle increases in the DWBAS calculation as the incident energy decreases. For the lowest value of the incident electron energy considered here, E 0 ϭ60 eV, the binary peak of the cross sections when calculated using the DWBAS formulation is shifted to lower values of the slow electron angle by almost 20°when compared to both the DWBAI calculation and the experimental measurements. In terms of the magnitudes of the ionization cross section, while the DWBAS and DWBAI calculations predict values of almost identical magnitude for the incident energy E 0 ϭ151 eV, the DWBAI formulation predicts smaller magnitudes for the cross sections as the incident energy decreases. However, since the measurements ͑a͒ to ͑d͒ have not been crossnormalized experimentally, the energy dependence of the two calculations cannot be directly compared against that of experiment.
Normalization of experiment to theory has been performed in the following manner. The excited-state experimental 3p cross sections, which form the main focus of this paper, are normalized to the DWBAI theory based on its superior description of the shapes of the ground-state cross sections. Given that the 3s/3p cross-section ratios are determined experimentally for each kinematics, within an error of 20% ͓see Eqs. ͑2͒ and ͑3͔͒, multiplicative coefficients are applied to the ground-state theoretical calculations shown in Fig. 5 for best comparison with the shape of the experimental cross sections. The coefficients for the DWBAI calculations reflect how the 3S/3P cross-section ratio, as predicted within the DWBAI model, compares to that derived from experiment. The values of these coefficients, which vary from 1.32 at 151 eV to 2.15 at the lowest energy, clearly indicate that the branching ratio is underestimated for three of the kinematic regimes considered here ͓graphs ͑a͒, ͑b͒, and ͑d͔͒. A coefficient of 1.0 is applied to the DWBAI calculations shown on graph ͑c͒, indicating that in this case the ratio of the 3S/3P cross section now appears to be slightly overestimated.
Nevertheless, the figure does show that the prior-form formulation is superior in describing quantitatively the angular behavior of the experimental data over the whole kinematical range considered here. The comparison between prior-form results and experimental measurements suggests that approximating the exact final-state wave function ⌿ (Ϫ) (k f ,k s ) as the product of two Coulomb waves gives a reasonable description of the position of the binary peak of the cross sections over the range of kinematics considered here.
We now turn to the main focus of the present study, description of the ionization of laser-excited 3 P sodium atoms. In the DWBA calculations, the excited sodium atoms are also described using a Slater representation of the HartreeFock orbitals. The Hartree-Fock orbitals are in this case generated using the Hartree-Fock program of Fischer ͓39͔. For the DS3C calculations, a Klapisch-type potential is used to generate the excited bound electron orbital ͓40,41͔.
The thick solid and dashed curves of Fig. 6 shows the state-resolved cross sections 1,1 and 1,Ϫ1 , when calculated using the prior form of the DWBA method. The experimental measurements have not been normalized to one another and hence are individually normalized to the excited-state DWBAI theory for each of the kinematics considered, as discussed earlier. The figure shows that the DWBAI model is reasonably successful in predicting the correct relative magnitude of the state-resolved cross sections at each of the kinematics presented. The most obvious discrepancy is at the incident energy of 151 eV, where the theoretical prediction indicates that the state-resolved cross sections are of almost the same magnitude while the experimental cross sections, in contrast, show the 1,1 cross section to be significantly smaller than the 1,Ϫ1 cross section. The double-peak structure in the 1,1 cross section is also not reproduced in the calculation. Recently, it has been argued ͓42͔ that the origin of this structure lies in the final-state interaction of the slow electron with the residual ion. However, the scattering geometry investigated was slightly different from the present case.
For the lower value of the incident electron energy, E 0 FIG. 5. Variation of the cross sections as a function of the slow electron angle for the ionization of ground-state sodium. DWBAI ͑solid line͒, DWBAS ͑dashed line͒. ͑a͒ E 0 ϭ151 eV, E s ϭ20.5 eV, and f ϭ20°; ͑b͒ E 0 ϭ90 eV, E s ϭ20 eV, and f ϭ20°; ͑c͒ E 0 ϭ90 eV, E s ϭ10 eV, and f ϭ15°; and ͑d͒ E 0 ϭ60 eV, E s ϭ20 eV, and f ϭ20°. The DW-BAI calculations are multiplied by 1.32 ͑a͒, 1.46 ͑b͒, 1 ͑c͒, and 2.15 ͑d͒. The DWBAS calculations are multiplied by 1.2 ͑a͒, 1.1 ͑b͒, 0.78 ͑c͒, and 1.2 ͑d͒. The data are normalized to the DWBAS excitedstate cross sections as discussed in the text. ϭ90 eV, the relative magnitudes of the experimental cross sections 1,Ϫ1 and 1,1 are also clearly different. In this case, for a slow electron ejected at an energy E s of either 10 or 20 eV and at a scattering angle f of 15°and 20°, respectively, the magnitude of 1,1 is consistently smaller than 1,Ϫ1 . As can be seen from Fig. 6 , the relative magnitudes of the stateresolved cross sections are predicted reasonably well by the DWBA method; however the ratio of peak heights is underestimated by the theoretical model while the experimental measurements of 1,1 suggest a slightly narrower binary peak for both kinematics. Further, a mild shoulder evident in the experimental 1,1 is not reproduced by the theory when the slow electron is ejected with an energy of E s ϭ10 eV. At E 0 ϭ60 eV, the relative magnitude of 1,Ϫ1 and 1,1 is still reasonably well described by the DWBA model although again underestimated. However, the theoretical prediction for the position and relative height of the binary peak in 1,Ϫ1 is now at variance with the experimental data, its angle being shifted by around 5°toward lower angles.
To further investigate the mechanism responsible for this breaking of symmetry around the momentum transfer direction we used two additional models to calculate the stateresolved cross sections. In the first model, DWBAPF, the scattered electron is described by a plane wave while the incident and ejected electron are described using the same distorting potential as described in the previous section. In the second model, DWBACF, the distorting potential used to calculate the fast-electron distorted wave is replaced by the Coulomb potential only.
The DWBACF calculations are represented by the thin solid and dashed curves in Fig. 6 . Comparison between the DWBA and DWBACF calculations in this figure indicates that, for the kinematics considered in this study, the shortrange interactions, static and exchange, between the scattered electron and the remaining electrons of the ion have a minimal influence on the position of the maximum of the cross sections or on the relative magnitudes of the state-resolved cross sections. We note in the figure that the 1,1 cross sections calculated within the DWBACF are normalized to the corresponding DWBA calculations for each kinematics. Nonetheless, we can see that the short-range interactions tend to increase the difference in magnitude between 1,1 calculations for ͑a͒-͑c͒ and to the maximum of DWBA 1,1 for ͑d͒. The kinematics are as in Fig. 5 . The arrow indicates the direction of the momentum transfer q. and 1,Ϫ1 by the same amount for all cases.
In contrast, the comparison between the DWBAPF and DWBA calculations, shown in Fig. 7 , indicates an increasingly strong influence of the Coulomb interaction of the scattered electron with the residual ion when the incident electron energy decreases. This is comprehensible, as the dichroism as such vanishes when all interactions of the ejected electrons with the ion are neglected. At lower energies the interactions of both electrons with the residual ion become of the same order and hence we can expect the dichroism to be influenced by both of these interactions.
For an incident electron energy of 151.6 eV and at the kinematical arrangement of the present experiment, theory suggests that the Coulomb interaction between the scattered electron and the residual ion has a minor effect on the shape and magnitude of the dichroism. This situation changes drastically when the incident energy is lowered to 90 eV. As deduced from Fig. 7 the Coulomb interaction of the fast electron with the ion is largely responsible for the break in reflection symmetry of the state-resolved cross sections with respect to q . Furthermore, the positions of the binary peaks in both of the state-resolved cross sections are shifted toward larger ejection angles. The dichroism is then correspondingly modified. At the moment it is not clear why this shift proceeds in that direction when the final-state interaction of the projectile electron is taken into account.
At yet lower energies (E 0 ϭ60 eV͒, the situation becomes more delicate. Obviously the magnitude of the dichroism is underestimated by the DWBA calculations ͑cf. Fig. 7͒ . Nevertheless, the DWBA model predicts a shift of the binary peak positions with respect to the momentum transfer direction in the direction shown by the experiments. Again this shift can be associated with the Coulomb final-state interaction of the scattered electron with the residual ion ͑cf. Fig.  8͒ .
In earlier work ͓12͔ we suggested that the electronelectron final-state interaction, missing in the DWBA, becomes important at this low energy. This conjecture is tested by the DS3C calculations shown in Fig. 8͑d͒ in which we systematically switch on the various final-state interactions and explore their influence.
For all DS3C calculations presented in this work an aver- Fig. 5 . In ͑a͒ the incident energy is E 0 ϭ151.62 eV, the median energy of the ejected electron is E s ϭ21.5 eV ͑additional 1.0 eV energy due to weaker binding energy of 3p electron͒, and the scattered electron angle is s ϭ20°. The calculations for 1,Ϫ1 ͑solid curve͒ and 1,1 ͑dashed curve͒ are performed within the DS3C model including exchange. An average has been performed over the 6 eV range of energies over which the outgoing electrons are detected in all the calculations at all the kinematics. For best shape comparison, the experimental results have been normalized to the DS3C theory. The inset shows the FBA results ͑light solid curve for 1,Ϫ1 and light dashed curve for 1,1 ) and the results ͑solid curve represents 1,Ϫ1 and dashed curve is 1,1 ) when the two escaping electrons move independently in the field of the residual ion, i.e., we set in Eq. ͑28͒ ␤ f s ϵ0, ␤ s ϭϪZ Na ϩ /k s , ␤ f ϭ ϪZ Na ϩ /k f . For inset in ͑a͒ only the experimental results, after normalization to the DS3C theory, have been multiplied by an additional factor of 1.5 to facilitate comparison with the FBA calculations. In ͑b͒ the same labeling of curves as in ͑a͒ but the incident energy is lowered to E 0 ϭ90 eV. In ͑c͒ the same as in ͑b͒ but the scattering angle is fixed to f ϭ15°and the ejected electron energy is chosen as E s ϭ10 eV. The FBA calculations are not shown in the inset. ͑d͒ the 60 eV data with the same descriptions of curves. age has been performed over the 6 eV range of energies over which outgoing electrons are detected. For best shape comparison, the experimental results have been normalized to the DS3C theory. If all final-state interactions are neglected ͓␤ f ϵ␤ s ϵ␤ f s ϵ0 in Eq. ͑28͔͒ the dichroism vanishes. Upon replacing in Eq. ͑28͒ ␤ f ϵ0ϵ␤ f s , ␤ s ϭϪZ Na ϩ /k s ͑the FBA case͒ we obtain a finite dichroism with the symmetry properties mentioned above. If we set in Eq. ͑28͒ ␤ f s ϵ0, ␤ s ϭ ϪZ Na ϩ /k s , ␤ f ϭϪZ Na ϩ /k f ͑independent Coulomb particles͒ the binary peaks in the cross sections are shifted toward larger ejection angles, as in the case of Fig. 7 . Now taking the electron-electron final-state interactions into account results in a further shift of the binary peaks and an increase in the dichroism. The direction of the shift, however, is not simply one to larger angles as would be expected on the basis of mutual repulsion of the two escaping electrons. Figure 8͑d͒ shows the direction and magnitude of the shift to depend upon the initial magnetic quantum state of the bound electron state. This implies a dynamical role of the electronelectron interaction beyond a simple repulsion effect. In particular, the ionization via direct scattering from the core is greatly enhanced when the interelectronic correlation is taken into account. This is because, in the FBA and within a frozen core approximation, ionization following direct scattering from the nucleus is not allowed due to the orthogonality of initial and final target states. This situation is not altered when the interaction of the scattered electron with the residual ion is taken into account, since the two escaping electrons are still decoupled. It is the coupling between these two electrons that makes possible an ionization event after a direct projectile-core scattering. At yet lower energies, more drastic effects of the electron-electron interaction have been anticipated ͓15͔. All DS3C calculations shown in Fig. 8 are energy averaged over the 6 eV range over which the outgoing electrons are detected.
For the higher-incident-energy cases ͓Figs. 8͑a͒-8͑c͔͒ the effect of the electron-electron final-state interaction on the shape of the cross sections becomes less pronounced under the kinematics of concern here, which are primarily dictated by the final-state interactions of the escaping electrons with the residual ion. This in accord with the conclusions of the DWBA calculations. From the results depicted in Fig. 7 and Figs. 8͑a͒-8͑d͒ we can conclude, however, that the absolute values of the cross sections are considerably affected by the interelectronic final-state interaction. This is in line with recent conclusions for the electron-impact ionization of isotropic targets ͓43͔. It is interesting to note that the double peak in the 1,1 cross section for the 151 eV kinematics ͓Fig. 8͑a͔͒ is reproduced in the DS3C calculations.
V. CONCLUSIONS
In this work we have presented fully differential cross sections for the electron-impact ionization of the sodium atom laser pumped into a selected magnetic sublevel. It is demonstrated, experimentally and theoretically, that the spectra of the emitted electrons depend in a nontrivial manner on the helicity of the absorbed photon. For the asymmetric kinematics considered in this work, our findings can be summarized as follows. At an intermediate incident energy of 151.6 eV and for the scattered angles presented here, theory suggests that the dichroism and the individual cross sections are essentially determined by the interactions of the slow outgoing electron with the residual ion, whereas the interelectronic coupling as well as the interaction of the fast outgoing electron with the residual ion play a minor role. However, discrepancies between theory and experiment still exist under these conditions, precluding definitive statements on the nature of the dichroism. At yet lower energies, 90 eV, the scattering dynamics, and hence the cross sections, become sensitive to the interaction of the fast outgoing electron with the residual ion while the final-state electron-electron correlation is of less importance. This situation is reflected in increasing deviations from reflection symmetry ͑with respect to the momentum transfer direction͒ of the state-resolved cross section. The strong symmetry breaking is confirmed by experimental measurements. At the lowest incident energy considered here ͑60 eV͒, the cross sections become sensitive to all interactions, and, in particular, the final-state electronelectron interaction needs to be taken into account. These conclusions are substantiated by the experimental findings. As a result of the present study, it is anticipated that even at higher incident energy, the inclusion of the electron-electron interaction will prove indispensible for certain kinematical situations where the two electrons are close to each other in velocity space or when a strong scattering from the nucleus is unavoidable, e.g., in backscattering geometry.
